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Abstract 
The honey possum is the only non-volant mammal to feed exclusively on a 
diet of nectar and pollen. Like other mammalian and avian nectarivores, previous 
studies indicated that the honey possum’s basal metabolic rate was higher than 
predicted for a marsupial of equivalent body mass. However, these early 
measurements have been questioned. We re-examined the basal metabolic rate (2.52 ± 




) of the honey possum and confirm that it is indeed higher (162%) 
than predicted for other marsupials both before and after accounting for phylogenetic 
history. This, together with its small body mass (5.4 ± 0.14 g; 1.3 % of that predicted 
by phylogeny) may be attributed to its nectarivorous diet and mesic distribution. Its 
high basal metabolic rate is associated with a high standard body temperature (36.6 ± 
0.48 °C) and oxygen extraction (19.4%), but interestingly the honey possum has a 
high point of relative water economy (17.0°C) and its standard evaporative water loss 




) is not elevated above that of other marsupials, despite its 
mesic habitat and high dietary water intake.  
 
Introduction 
The honey possum (Tarsipes rostratus) is a small (5-15g) marsupial belonging 
to the monospecific family Tarsipedoidae. Honey possums are restricted to the coastal 
sand plain heathlands of south-west Western Australia (Renfree 1998) where an 
abundance of Protoaceae and Myrtaceae plant species ensures year round availability 
of flowers that enables the honey possum to survive entirely on a diet of nectar and 
pollen (Russell and Renfree 1989). Honey possums have a number of morphological 
adaptations associated with their specialised diet, including a long, brush-tipped 
tongue, ridged palate, elongated snout, vestigial teeth, reduced masticatory muscles 
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and stomach diverticulum for nectar storage (Richardson et al. 1986; Russell and 
Renfree 1989). 
A nectarivorous diet has been associated with a high basal metabolic rate 
(BMR; McNab 1980; 1986; 1988; 2003) and high rates of water turnover (Nicolson 
and Fleming 2003) in placental mammals and birds. Withers et al. (1990) measured 
the BMR, body temperature (Tb) and evaporative water loss (EWL) of the honey 
possum. They found it to have a high BMR compared to that predicted for a marsupial 
of equivalent body mass and attributed this to physiological adaptation to a 
nectarivorous diet. Withers et al. (2006) found that the honey possum was the only 
marsupial to have a statistically higher than predicted BMR both before and after 
correction for phylogenetic history, and again attributed this to its nectarivorous diet. 
However, McNab (2005) queried the existing data for the honey possum, as its BMR 
was higher than for any other marsupial, and excluded it from his analysis of the 
effects of diet on BMR of marsupials. He stated that “I should like to see a re-
examination of the honey ‘possum with special attention paid to the zone of 
thermoneutrality…”. 
We therefore re-examine the metabolic physiology of euthermic honey 
possums, presenting new BMR, Tb and EWL data, and provide additional ventilatory 
and water economy data for this unique nectarivorous marsupial. We compare these 
data to other marsupials to determine if the honey possum does indeed have a higher 





Seven adult honey possums (three females and four males) were captured in 
pit traps at Cataby, 170 km north of Perth, Western Australia (30°C 44’S, 115°C 32’ 
E) during February and August 2008. They were housed indoors at Curtin University 
in large plastic crates at an ambient temperature of approximately 22°C with a 12/12 
light dark cycle. Fresh drinking water and a mixture of honey, water and baby cereal 
was provided ad lib. Cardboard boxes, toilet rolls, vegetation and a wood-shaving 
substrate were provided for environmental enrichment. At the conclusion of the study, 
the animals were returned to their place of capture. 
Standard open-flow respirometry was used to measure the oxygen 
consumption (VO2), carbon dioxide production (VCO2) and evaporative water loss 
(EWL) of the honey possums at ambient temperatures (Ta) of 14.5, 19.4, 24.8, 27, 
29.4, 32 and 34°C. Individuals were measured at each Ta in random order, with N = 6 
at Ta = 25°C and N = 7 at all other Ta. Although the honey possums would sometimes 
enter torpor during experiments at low Ta, the frequency, depth and duration of torpor 
was variable and therefore we present only data for euthermic individuals.  
The respirometry system consisted of an Aalborg mass flow controller that 
regulated the flow of compressed air (dried with column of drieirte) through a tubular 
perspex metabolic chamber situated in a controlled temperature cabinet, at a rate of 
200 to 300 ml min
-1
. Excurrent air passed over a thin film capacitance relative 
humidity (RH) and Ta probe (Vaisala MNP 45A) with a sub-sample passing through a 
column of drierite to remove water vapour, a carbon dioxide analyser (Qubit S153) 
and finally an oxygen analyser (Servomex OA184). The gas analysers were interfaced 
to a PC via a RS232 serial port using Brymen multimeters (BM202 for RH, CO2 and 
Ta; TBM859CF for O2). Custom-written Visual Basic data acquisition software (VB 
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v6) was used to record O2, CO2, RH and Ta every 20 seconds throughout the 
experimental period.  
Oxygen analysers were two-point calibrated using compressed nitrogen (0% 
O2) and dry ambient air (20.95% O2); CO2 analysers were calibrated with compressed 
N2 (0% CO2) and a certified gas mix (0.53% CO2; BOCS). The calibration of the RH 
probes was confirmed using two points, 1 % (dried with Drierite to 0.005 mg. L
-1
) and 
100 % (saturated; generated by breathing on the probe) RH. Flow meters were 
calibrated using a Bubble-O-Meter bubble flow meter. 
Ventilatory data were measured using whole-body plethysmography, with the 
metabolic chamber acting as a plethysmograph (Malan 1973; Withers 1977; Dawson 
et al. 2000; Larcombe 2002; Cooper and Withers 2004). Pressure changes due to the 
warming and humidifying of inspired air were detected with a custom-made pressure 
transducer (Motorola MPX2010 sensor). Analog voltage outputs from the pressure 
transducer were converted to a digital signal using a Pico Technology ADC 11 data 
logger, and were recorded on a PC every 15 ms for approximately 20 sec using 
PicoScope. Between two and six sets of ventilatory data were obtained for an 
individual honey possum at each Ta, so a single mean was calculated for each 
ventilatory variable for each individual at each Ta.  
Honey possums were fasted by removing food from their cages in the 
afternoon of the day preceding the commencement of experiments. They were 
measured in the metabolic system for 6 to 9 hours (see Cooper and Withers 2009) at 
each Ta, during their inactive phase (day) until VO2, VCO2 and EWL had become 
stable and minimal. Honey possums were observed in the metabolism chamber during 
experiments with a Swann Max-IP-cam camera under infrared light. VO2, VCO2, and 
EWL at each Ta were calculated from the average of each variable over the 20 minute 
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period where they were stable and minimal. Calculations were after Withers (2001) 
and were accomplished using a custom written VB data analysis program. Respiratory 





) was calculated using the measured RER for that experiment after 
Withers (1992) and the relative water economy (RWE) was calculated as MWP/EWL. 
The point of relative water economy (PRWE) was calculated from the regression of 
RWE and Ta, for all individual data points, as the Ta at which RWE = 1. 
Ventilatory measurements were made when a low and stable metabolic rate 
and digital footage of the animal confirmed it was quiet and resting, preferably at the 
end of the experimental period. Resting ventilatory measurements could not be made 
for all individuals at all Ta, so N = 4 at 14.5 and 19.4°C, N = 6 at 32 and 34°C and N 
= 7 at all other Ta. The honey possum was removed from the chamber at the 
conclusion of the experiment and its Tb immediately measured using a plastic-tipped 
thermocouple (connected to a Digi-Sense 91100-20 thermocouple meter) inserted into 
the cloaca. Ventilatory variables (respiratory frequency, fR; tidal volume, VT; minute 
volume, VI; oxygen extraction, EO2) were calculated after Malan (1973) and Cooper 
and Withers (2004). We used the calibration technique of Szewczak and Powell 
(2003) to mathematically convert the open plethysmograph system to a closed system 
to account for the time course of calibration injections and breathing pressure pulses. 
A custom-written VB data analysis program was used for ventilatory calculations. 
EO2 was calculated using the VO2 at the time of ventilatory measurements.  
All values are presented as mean ± S.E., where N = number of individuals and 
n = number of measurements. Ventilatory values are presented at body temperature 
and pressure saturated (BTPS), although standard temperature and pressure dry 
(STPD) was used to calculate EO2. Effects of Ta on physiological variables were 
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examined using ANOVA with Student Newman-Keuls post hoc tests (SNK), and 
generalised least squares regression. These statistical analyses were conducted using 
statistiXL (v1.6). Values of physiological variables for the honey possum were 
compared to standard (thermoneutral) values of other marsupials using the data 
summary of Withers et al. (2006; where N = 61 for BMR, 59  for Tb, 55 for Cwet and 
24 for EWL) and for ventilatory variables data of Hallam and Dawson (1993), 
Chappell and Dawson (1994), Dawson et al. (2000), Larcombe (2002), Cooper and 
Withers (2004), Larcombe et al. (2006), Larcombe and Withers (2006) and Cooper et 
al. (2009). These comparisons were made by examining the position of the honey 
possum relative to the 95% prediction limits for the log10-transformed allometric 
regression (Tb values were not log-transformed) after Cooper and Withers (2006). The 
magnitude of the difference between observed and predicted values was calculated 
using the minimum variance unbiased estimator (MVUE) of Hayes and Shonkwiler 
(2006, 2007). Phylogenetically-predicted mass was calculated using autocorrelation 
(Cheverud and Dow 1985; Rohlf 2001; using the marsupial trait values and phylogeny 
for 61 marsupial species of Withers et al. 2006) as the product of the trait (mass) and a 
weighting matrix (calculated from the distance matrix of phylogenetic distances 
between each pair of marsupial species), that was fitted as closely as possible to the 
actual trait values by iteration with a varying constant of proportionality (). Honey 
possums were also compared to the 95% prediction limits of a phylogenetically 
independent allometric relationship for each physiological variable, where variables 
were rendered independent of phylogeny by autocorrelation, again using the dataset 
and phylogeny of Withers et al. (2006) where N is as for the conventional analysis.  
Results 
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Mean body mass of all honey possums over all experiments (N = 7, n = 48) 
was 5.4 ± 0.14 g. This body mass was only 1.3 % of the 406 g phylogenetically 
predicted body mass. Observations of the honey possums within the metabolic 
chamber indicated that they rested quietly for most of the experimental period, with 
occasional brief periods of activity. Active periods could be clearly identified by 
elevated VO2, VCO2 and EWL and were excluded from the analysis.  
The honey possums’ Tb was independent of Ta (F6,38 = 1.53, P = 0.193; Figure 
1A). Mean Tb at thermoneutrality (Ta = 32°C) was 36.6 ± 0.48 °C, and was 
significantly higher than predicted (34.3°C) from the conventional allometric 
relationship for marsupials (Figure 2A). After accounting for phylogenetic history, 
there was no longer a significant allometric relationship for marsupial Tb to compare 
the honey possum to. However, a normal deviate test indicated that the honey 
possums’s Tb did not differ statistically from the phylogenetically independent Tb 
values for other marsupials (P = 0.159). 
There was a significant effect of Ta on VO2 (F6,41= 39.01, P<0.001), which 









) than at all other Ta (SNK P < 0.001) and higher at Ta = 25°C than all Ta 
≥ 29.4°C (SNK ≤ 0.011). We define the lowest metabolic rate at Ta = 32°C of 2.52 ± 




 as BMR. VCO2 values mirrored VO2 values and so are not 
presented separately here. There was no effect of Ta on RER (F6,41 = 0.222, P = 
0.967), with the average RER of all honey possums over all experiments (N = 7, n = 
48) being 0.73 ± 0.024. There was a significant negative linear regression (VO2 = -
0.450 (± 0.040)Ta + 16.45 (±0.953); F1,32 = 129.1, P < 0.001, R
2
 = 0.80) between VO2 
and Ta ≤ 29.4 °C, extrapolating to a predicted thermoneutral Tb (i.e. Ta where VO2 = 
0) of 36.6°C. The honey possums’ BMR was 162 % of that predicted for an 
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equivalently sized marsupial (Figure 2B). This was significantly higher than 
predicted, falling outside the 95% prediction limits for the allometric regression of 
BMR for marsupials both before and after accounting for phylogenetic history.  
There were significant effects of Ta on all ventilatory variables (P ≤ 0.041; 
Figure 3). fR ranged from 75 ± 4 breaths min
-1
 at Ta = 32°C to 285 ± 36 at Ta = 14.5°C 
and was related to Ta at Ta ≤ 32°C with a significant negative linear relationship (R
2
 = 
0.72, F1,34 = 87.3, P < 0.001). fR was higher at Ta = 14.5 °C and Ta = 19.4°C (210 ± 21 
breaths min
-1
) than at all other Ta (SNK P ≤ 0.007). VT ranged from 0.066 ± 0.005 ml 
at Ta = 25°C to 0.120 ± 0.009 ml at Ta = 10.4°C. VT at Ta = 19.4°C was greater than at 
24.8°C, 27°C and 29.4°C, and greater at Ta = 32°C than 28°C (SNK P ≤ 0.032). 
However, there was no significant linear relationship with Ta (F1,34 = 2.1, P = 0.160). 
There was a significant negative linear relationship for VI at Ta ≤ 32°C (R
2
 = 0.54, 
F1,34 = 38.8, P < 0.001), with VI at 14.5° C (26.4 ± 2.7 ml min
-1
) and 19.4°C (21.9 ± 
4.1 ml min
-1
) being higher than at all Ta ≥ 24.8°C (SNK P < 0.001). EO2 ranged from 
17.5% at Ta = 20°C to 30.8% at Ta = 30°C, but there was no significant linear 
relationship with Ta (F1,34 = 0.698, P = 0.404). Ventilatory variables at 
thermoneutrality (Ta = 32°C) were 101 % (fR; 75 ± 4 breaths min
-1
), 85% (VT; 0.106 ± 
0.007 ml), 90% (VI; 7.9 ± 0.62 ml min
-1
) and 163% (EO2; 19.4%,) of  those predicted 
for an equivalently sized marsupial. 




 at Ta = 29.4 




 at Ta = 34°C. There was a significant effect of Ta on 
EWL (F6,41 = 5.48, P < 0.001) with EWL at Ta = 35°C being significantly higher 
(SNK P ≤ 0.002) than at all other Ta (Figure 1C). We define the minimal EWL of 




 as their standard EWL for comparison with other species; 
this was 102 % of predicted, conforming to the marsupial allometric EWL 
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relationship both before and after accounting for phylogenetic history (Figure 2C). 
There was a highly significant negative linear relationship between Ta and RWE for 
honey possums (RWE = -0.049 (±0.004)Ta + 1.835(±0.095); F1,46 = 189, P < 0.001; 
R
2
 = 0.80), with the PRWE (the Ta where RWE = 1) occurring at 17.0°C (Figure 4). 
Discussion 
We confirm that the honey possum does indeed have a higher BMR (162% of 
predicted) than other marsupials, as suggested by Withers et al. (1990). This high 
BMR is associated with a high Tb and EO2, but interestingly the honey possum has a 
high PRWE and its EWL is not elevated above that of other marsupials, despite its 
mesic habitat and high dietary water intake.  
The tight correlation between any directly observed activity and elevated rates 
of VO2, VCO2 and EWL, along with long measurement durations (Cooper and 
Withers 2009) means that we are confident our data are for resting honey possums. 
Following the suggestion of McNab (2005), we paid especially close attention to the 
thermoneutral zone, measuring at approximately 2.5°C increments between 25 and 
35°C to ensure that we obtained data at thermoneutrality. Our estimate of BMR is 
unequivocally measured at thermoneutrality as it occurred at a Ta after which EWL 
had already started to increase sharply and therefore would not occur at a Ta > 32°C, 
and the linearity of VO2 against Ta at Ta ≤ 32°C indicates that MR would not be lower 
at a Ta < 32°C. Consequently, we are confident that our measurements of BMR, 
standard EWL and standard ventilatory parameters conform to the standardised 
criteria (see McNab 1997; Cooper and Withers 2009) for measurement of these 
comparative variables.  
Our Tb of 36.6 ± 0.48 °C for thermoneutral honey possums is consistent with 
the 36.6 ± 0.2 °C measured by Withers et al. (1990). The honey possums were able to 
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regulate Tb against a temperature differential of up to 21.6 °C when euthermic. Tb was 
not influenced by Ta, and honey possums conformed to the Scholander-Irving model 
of heat balance; the relationship between VO2 and Ta extrapolated to a predicted Tb 
the same as that measured. The honey possums measured by Withers et al. (1990) did 
not conform as well to the Scholander-Irving model, but this species is heterothermic, 
and so it can be difficult to measure truly euthermic animals at low Ta. The 
thermoneutral Tb of the honey possum was higher than predicted for an equivalently-
sized marsupial, which is not surprising considering its higher-than-predicted BMR 
and the interrelationship between Tb and MR. 
Although queried by McNab (2005), the hypermetabolic data of Withers et al. 
(1990) are supported by our study, and we have confirmed the findings of Withers et 
al. (2006) that honey possum is the only marsupial to have a significantly elevated 




) was not 
significantly different from the previously measured BMR (2.9 ± 0.3; T10 = 1.04, P = 
0.314). The small difference observed may be accounted for by Withers et al. (1990) 
only measuring two animals (of the five used to estimate BMR) at the Ta at which we 
determined MR to be minimal. As suggested by McNab (2005), determining the 
narrow thermoneutral zone of a small species can be difficult.  
The honey possum has many morphological specialisations associated with its 
strictly nectarivorous diet (Richardson et al. 1986). We found that it is also much 
smaller than expected based on its position in the marsupial phylgenetic tree, only 
1.3% of its predicted body mass. This may be considered an additional morphological 
adaptation, as nectarivorous species are generally smaller than non-nectarivorous 
species (Brown et al. 1978; Pyke 1980; Nicolson and Fleming 2003). The 
morphological adaptations of the honey possum suggest a long evolutionary history of 
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feeding on nectar and pollen. It may therefore be predicted that this species has 
evolved physiological as well as anatomical adaptation to its diet. Even after taking 
into account its phylogenetic position amongst the marsupials, the honey possum’s 
BMR remained significantly higher than predicted for a marsupial of equivalent body 
mass. This indicates that its high BMR is independent of evolutionary inertia, and 
may be considered adaptive without the confounding effect of phylogenetic 
affiliation.  
 The food-habit hypothesis posits that animals feeding on diets with a high 
energy content, that are easily digestible, free of chemical deterrents and which are 
readily available can afford to have high metabolic rates (Cruz-Neto & Bozinovic 
2004). The honey possum’s high BMR may be attributed to its easily digestible, high-
energy food, or to the increased costs of locomotion required to visit sufficient plants 
to meet the daily energy requirement (Voigt et al. 2006). Withers et al. (2006) found 
that climate influences BMR of marsupials, with habitat aridity, temperature and 
intra-annual rainfall variability all significant determinates of marsupial BMR. The 
honey possum’s mesic Mediterranean habitat is consistent with a higher BMR than 
for marsupials from arid habitats. However, the honey possum is the only species to 
be hypermetabolic; no other marsupial, even considering those from very mesic 
environments with lower Ta and/or lower rainfall variability, has been shown to 
statistically exceed their allometrically predicted BMR. Combined with previous 
findings that nectarivory is related to a high BMR in both birds and placental 
mammals (McNab 1980; 1986; 1988; 2003; 2008; 2009), a high BMR for  the only 
exclusively nectarivorous member of a third taxonomic group, the marsupials, is 
consistent with the hypothesis that a nectarivorous diet is indeed associated with a 
high BMR. 
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It has long been accepted that marsupials have a BMR that is about 70% of 
that of placental mammals (Dawson and Hulbert 1969). Although a number of 
placental mammals have a BMR as low or lower than marsupials, no marsupials have 
a BMR approaching the high rates of some placental grazers or carnivores (McNab 
1986; 2005). The honey possum, with a high BMR by marsupial standards, has a 
BMR that is 98 % to 124 % of that predicted for a generalised mammal (Table 1 and 2 
of White and Seymour 2005 for studies since 1985; McNab 2008) and 114 % of that 
predicted for a placental mammal (McNab 2008). Thus despite being a marsupial, the 
honey possum achieves a BMR equivalent to that of generalised placental mammal. 
Cooper et al. (2003) found a strong correlation between BMR and FMR for 
marsupials, with a predicted FMR of 28.5 kJ day
-1
 for the honey possum. This value is 
comparable to the 25.1 and 28.6 kJ day
-1
 measured by Bradshaw and Bradshaw (1999; 
2007; accounting for isotopic fractionation), and a little lower than the mean FMR of 
Nagy et al. (1995) and Bradshaw and Bradshaw (1999) of 35.4 (uncorrected for 
isotopic fractionation). The FMR/BMR ratio for the honey possum is high (4.5 to 
5.5), as is predicted for a very small marsupial (Cooper et al. 2003) and for a 
nectarivorous mammal (Speakman 2000). Nagy et al. (1995) and Bradshaw and 
Bradshaw (1999) found that the FMR of the honey possum was 73 to 100% of 
predicted compared to that of other marsupials. This low to moderate FMR is 
surprising, considering its high BMR and high-energy diet. However, compared to a 
more recent allometric relationship for FMR of marsupials (Cooper et al. 2003), the 
honey possum has an FMR that is 133% of predicted. This falls within the 95% 
prediction limits for the relationship, but it is difficult to show statistical significance 
for FMR as the relationship is more variable and thus the prediction limits wider than 
for BMR, especially for a small species towards the lower limit of the regression (see 
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Cooper and Withers 2006). Thus it remains equivocal if the honey possum has an 
elevated FMR. 
The honey possums accommodated their increased VO2 at low Ta with an 
increased VI, which resulted from an increase in fR rather than any systematic increase 
in VT. This is typical of small mammals, while larger species increase VT rather than 
fR, presumably due to size-dependant differences in the mechanics and energetics of 
ventilation (Larcombe 2002; Cooper and Withers 2004). Despite its high BMR, VI 
was 90% of predicted for a similar-sized marsupial, but EO2 was 163%. Thus, 
compared to other small marsupials, the honey possum seems to have increased EO2 
rather than VI to account for its increased BMR. This may however be an artefact of 
ensuring that we measured completely calm and resting animals as resting individuals 
are likely to have a higher EO2 and lower VI than active individuals (Larcombe 2002; 
Cooper and Withers 2004). 
We expected honey possums to have a high EWL and poor RWE, due to their 
mesic distribution, high dietary water intake (nectar is 50-90% water; Slaven and 
Richardson 1988) and other physiological adaptations to high rates of water flux. 
Honey possums have a high mean field water turnover of 9.6 ml H2O day
-1
 (Nagy et 
al. 1995; Bradshaw and Bradshaw 1999), 189% of that predicted for a marsupial by 
the allometric equation of Cooper et al.  (2003).  Their kidneys show specialisation for 
production of copious, dilute urine, with an undivided medulla and small relative 
medullary area (Slaven and Richardson 1988), presumably to enable them to maintain 
ion and water balance with a very high dietary water intake. However, the EWL of the 
honey possum confirmed closely to the marsupial allometric relationship, and they 
had a surprisingly high PRWE of 17.0°C. Comparison of EWL data is complicated, 
due to methodological effects such as measurement technique, chamber humidity and 
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experimental duration (Cooper and Withers 2008, 2009; Cooper et al. 2009) which 
make the existing dataset for marsupial EWL variable (Withers et al. 2006). We 
suspect that many of the existing standard EWL values for small marsupials are 
overestimates (see Cooper and Withers 2009) and therefore it is equivocal if the 
honey possum has an EWL that conforms to other marsupials.  
Data concerning the PRWE is presently available for only 4 other marsupial 
species; the arid-zone little red kaluta (Dasykaluta rosamondae; PRWE = 16.1°C; 
Withers and Cooper 2009), sandhill dunnart (Sminthopsis psammophila; PRWE = 
18.0°C; Withers and Cooper in press) and striped faced dunnart (which does not reach 
a PRWE; Cooper et al.  2005), and the Neotropical gracile mouse opossum 
(Gracilinanus agilis; PRWE = 11.5°C; Cooper et al. 2009). Despite the abundance of 
water in its diet and its mesic habitat, the honey possum’s PRWE is the second-
highest measured so far for a marsupial, and is equivalent to arid-zone marsupials. 
This is unexpected, as the PRWE should provide an index to a species’ adaptation to 
water restriction, and has been found to be higher for arid than mesic mammals and 
birds (MacMillen 1983; MacMillen 1990; MacMillen and Baudinette 1993). The high 
PRWE for the honey possum results from a high MR, and thus high MWP (as may be 
expected for a mesic, nectarivorous species), rather than from a reduced EWL (as 
might be expected for species from arid habitats). Clearly more EWL and especially 




We thank Daniel Jordan and Ti West for providing accommodation and meals during 
field work. Jason Fraser originally set up the pit trapping grid used to catch the honey 
 16 
possums. Funding for this project was provided by an Australian Research Council 
Discovery grant and a Curtin University Centre for Ecosystem Diversity and 
Dynamics grant to CEC. APCN would like to thank Fundação de Amparo a Pesquisa 
do Estado de São Paulo (FAPESP) for a scholarship while at the University of 
Western Australia and Curtin University. This is manuscript number CEDD45-2009 
 of the Centre for Ecosystem Diversity and Dynamics, Curtin University. 
 
References 
Bradshaw SD, Bradshaw FJ (1999) Field energetics and the estimation of pollen and 
nectar intake in the marsupial honey possum, Tarsipes rostratus in heathland 
habitats of south-western Australia. J Comp Physiol B 169:569-580 
Bradshaw S.D. and Bradshaw F.J. (2007) Isotopic measurements of field metabolic 
rate (FMR) in the marsupial honey possum (Tarsipes rostratus). J Mamm 
88:401–407 
Brown JH, Calder WA, Kodric-Brown A (1978) Correlates and consequences of body 
size in nectar-feeding birds. Am Zool 18:687-700 
Chappell MA, Dawson TJ (1994) Ventilatory accommodation of changing oxygen 
consumption in dasyurid marsupials. Physiol Zool 67:418-437. 
Cheverud JM, Dow MM (1985). An autocorrelation analysis of genetic variation due 
to lineal fission in social groups of Rhesus monkeys. Am J Phys Anthro 67:113-
121. 
Cooper CE, Geiser F, McAllan B (2005) Effect of torpor on the water economy of an 
arid-zone dasyurid, the stripe-faced dunnart (Sminthopsis macroura) J Comp 
Physiol B 175:323-328 
Cooper CE, Withers PC (2004) Ventilatory physiology of the numbat (Myrmecobius 
fasciatus). J Comp Physiol B 174:107-111 
Cooper CE, Withers PC (2006) Numbats and aardwolves—how low is low? A re-
affirmation of the need for statistical rigour in evaluating regression predictions. 
J Comp Physiol B 176:623–629 
 17 
Cooper CE, Withers PC (2008) Allometry of evaporative water loss in marsupials: 
Implications of the effect of ambient relative humidity on the physiology of 
brushtail possums (Trichosurus vulpecula) J Exp Biol 211:2759-2766 
Cooper CE, Withers PC (2009) Effects of measurement duration on the determination 
of basal metabolic rate and evaporative water loss of small marsupials; how long 
is long enough? Physiol Biochem Zool (in press) 
Cooper CE, Withers PC, Bradshaw DS (2003) The field metabolic rate of the numbat 
(Myrmecobius fasciatus) J Comp Physiol B 173:687-693 
Cooper CE, Withers PC, Cruz-Neto AP (2009) Metabolic, ventilatory and hygric 
physiology of the gracile mouse opossum (Gracilinanus agilis). Physiol Biochem 
Zool 82: 153-162 
Cruz-Neto AP, Bozinovic F (2004) The relationships between diet quality and basal 
metabolic rate in endotherms: insights from intraespecific analysis. Physiol 
Biochem Zool 77: 877-889 
Dawson TJ, Hulbert AJ (1969) Standard energy metabolism of marsupials. Nature 
221: 383 
Dawson TJ, Munn AJ, Blaney CE, Krockenberger A, Maloney SK (2000) Ventilatory 
accommodation of oxygen demand and respiratory water loss in kangaroos from 
mesic and arid environments, the eastern grey kangaroo (Macropus giganteus) 
and the red kangaroo (Macropus rufus). Physiol Biochem Zool 73:382-388 
Hallam JF, Dawson TJ (1993). The pattern of respiration with increasing metabolism 
in a small dasyurid marsupial. Resp Physiol 93:305-314. 
Hayes JP, Shonkwiler JS (2006) Allometry, antilog transformations, and the perils of 
prediction on the original scale. Physiol Biochem Zool 79:665-674  
Hayes JP, Shonkwiler JS (2007) Erratum: Allometry, antilog transformations, and the 
perils of prediction on the original scale. Physiol Biochem Zool 80:556 
Larcombe AN (2002) Effects of temperature on metabolism, ventilation and oxygen 
extraction in the southern brown bandicoot Isoodon obesulus (Marsupialia: 
Peramelidae). Physiol Biochem Zool 75:405-411 
Larcombe AN, Withers PC (2006) Thermoregulatory, metabolic and ventilatory 
physiology of the western barred bandicoot (Perameles bougainville 
bougainville) in summer and winter. Aust J Zool 54:5-21 
 18 
Larcombe AN, Withers PC, Nicol SC (2006) Thermoregulatory, metabolic and 
ventilatory physiology of the eastern barred bandicoot (Perameles gunnii). 
Aust J Zool 54:9-14 
Malan A (1973) Ventilation measured by body plethysmography in hibernating 
mammals and in poikilotherms. Resp Physiol 17:32-44 
MacMillen RE (1983) Adaptive physiology of heteromyid rodents. Great Basin Nat 
Mem 7:65–76 
MacMillen RE (1990) Water economy of granivorous birds: A predictive model. 
Condor 92:379-392 
MacMillen RE, Baudinette RV (1993) Water economy of granivorous birds: 
Australian parrots. Func Ecol 7:704-712 
McNab BK (1980) Food habits, energetics and the population biology of mammals. 
Am Nat 116:106-124 
McNab BK (1986) The influence of food habits on the energetics of placental 
mammals. Ecol Mon 56:1-19 
McNab BK (1988) Food habits and the basal rate of metabolism in birds. Oecologia. 
77: 343-349 
McNab BK (2003) Standard energetics of phyllostomid bats: the inadequacies of 
phylogenetic-contrast analyses. Comp Biochem Physiol 135:357-368 
McNab BK (1997) On the utility of uniformity in the definition of basal rate of 
metabolism. Physiol Zool 70:718-720 
McNab BK (2005) Uniformity in the basal metabolic rate of marsupials: its causes 
and consequences Rev Chil Hist Nat 78:183-298 
McNab BK (2008) An analysis of the factors that influence the level and scaling of 
mammalian BMR. Comp Biochem Physiol A 151:5-28 
McNab BK (2009) Factors affecting the level and scaling of avian BMR. Comp 
Biochem Physiol A 152:22-45 
Nagy KA, Meienberger C, Bradshaw SD, Wooller RD (1995) Field metabolic rate of 
a small marsupial mammal, the honey possum (Tarsipes rostratus) J Mamm 
76:862-866 
Nicolson SW, Fleming PA (2003) Nectar as food for birds: the physiological 
consequences of drinking dilute sugar solutions. Plant Syst Evol 238:139-153 
Pyke GH (1980) The foraging behaviour of Australian honeyeaters: a review and 
some comparisons with hummingbirds. Aust J Ecol 
 19 
Renfree MB (1998) Family Tarsipedidae In: Strahan R (ed) The Mammals of 
Australia New Holland Publishers Pty Ltd Sydney 
Richardson KC, Wooler RD, Collins BG (1986) Adaptation to a diet of nectar and 
pllen in themarsupial Tarsipes rostratus (Marsupialia: Tarsipedidae) J Zool 
(Lond) 208:285-297 
Rohlf FJ (2001) Comparative methods for the analysis of continuous variables: 
geometric interpretations. Evol 55:2143-2160 
Russell EM, Renfree MB (1989) Tarsipedidae Chapter 33 In: Walton DW, 
Richardson BJ (eds) Fauna of Australia Vol 1B Mammalia. Australian 
Government Publishing Service Canberra pg 769-782 
Slaven MR, Richardson KC (1988) Aspects of the form and function of the kidney of 
the honey possum, Tarsipes rostratus Aust J Zool 36:465-471 
Speakman JR (2000) The cost of living: field metabolic rates of small mammals. Ad 
Ecol  Res 30:178-297 
Szewczak JM, Powell FL (2003) Open-flow plethysmography with pressure-decay 
compensation. Resp Physiol Neurobiol 134:57-67 
Voigt C, Kelm D, Visser H (2006) Field metabolic rates of phytophagous bats: do 
pollination strategies of plants make life of nectar-feeders spin faster?  J Comp 
Physiol B 176:213-222  
White CR, Seymour RS (2005) Allometric scaling of mammalian metabolism J Exp 
Biol 208:1611-1619 
Withers PC (1977) Metabolic, respiratory and haematological adjustments of the little 
pocket mouse to circadian torpor cycles. Resp Physiol 31:295-307 
Withers PC (1992) Comparative Animal Physiology. Saunders College Publishing, 
Philadelphia. 
Withers PC (2001) Design, calibration and calculation for flow-through respirometry 
systems. Aust J Zool 49: 445-461 
Withers PC, Cooper CE (2009) The metabolic and hygric physiology of the little red 
kaluta. J Mamm (in press) 
Withers PC, Cooper CE (2009) Thermal, metabolic, hygric and ventilatory physiology 
of the sandhill dunnart (Sminthopsis psammophila). Comp Biochem Physiol (in 
press) 
 20 
Withers PC, Cooper CE, Larcombe A (2006) Environmental correlates of 
physiological variables in marsupials. Physiol Biochem Zool 79:437-453 
 Withers PC, Richardson KC, Wooller RD (1990) Metabolic physiology of the 























Figure one: Body temperature (A), metabolic rate (B) and evaporative water loss (C) 
of honey possums at ambient temperatures of 14.5 to 34°C (mean ± SE; N = 6 at 





















Figure two: The honey possum (black circle) compared to the marsupial allometric 
relationships for body temperature (A), metabolic rate (B) and evaporative water loss 
(C; white circles; data from Withers et al.  2006). The dark line is the regression line, 
























Figure three: Respiratory rate (fR; A), tidal volume (VT; B), minute volume (VI; C) 
and oxygen extraction (EO2; D) for honey possums (Tarsipes rostratus) at a range of 
ambient temperatures (Ta). Values are mean ± S.E., N = 4 at Ta = 14.5 and 19.4°C, N 


























) as a function of ambient 
temperature for the honey possum (mean ± SE; N = 6 at 24.5°C and N = 7 at all other 
ambient temperatures). The solid line is the regression line, the dashed line indicates 
relative water economy = 1, where the evaporative water loss is balanced by 
metabolic water production. 
 
